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Abstract 
Density functional theory, in conjunction with a cluster expansion model, has been used to study the 
structure and stability of the positionally disordered iron-nickel sulfide mineral pentlandite (Pn), (Fe, 
Ni)9S8, with results indicating heterogeneous nearest neighbour metal contacts are more energetically 
favourable than homogeneous contacts. The virtual crystal approximation was also explored as a 
means to address positional disorder, but while reliable results could be obtained for the bulk model, 
the same was not true for the surface, as local distortions which affected the surface model energies 
could not be reproduced. We also address the binding of ethyl xanthate (CH3CH2OCS2-), water and 
hydroxide to the [111] Pn surface to better understand the mode of action of industrial xanthate 
flotation agents. In order to model anionic ligands bound to a periodic boundary condition surface we 
propose applying a correction derived from the surface work function to remove the additional charge 
introduced by the ligand. The results obtained from the ligand binding studies indicate that while an 
ethyl xanthate collector could readily displace up to a full monolayer of water per unit cell, it is likely 
that Fe-enriched surfaces will bind xanthate in competition with the hydroxide anion, whilst a Ni-
enriched surface will preferentially bind hydroxide anions over xanthate.    
 
Keywords: DFT, pentlandite, ethyl xanthate, froth flotation, virtual crystal approximation, cluster 
expansion, surface work function. 
 
1.0 Introduction 
The mining, recovery and processing of Platinum Group Minerals (PGMs) is a multi-billion dollar 
industry.  The Bushveld Igneous Complex in South Africa contains approximately 75% of the world’s 
platinum and 50% of the world’s palladium reserves, which are often present as sulfidic ores and 
associated alongside considerable quantities of base metal sulphides such as pyrite (FeS2), pyrrhotite 
(Fe(1-x)S (x=0-0.2)) and the mixed iron/nickel mineral pentlandite (Fe,Ni)9S8  (Pn),1 which can itself be a 
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rich source of PGMs with some recorded samples containing up to 12.1 wt% Pd2.  The ore feed as it 
comes from the mines has an extremely low PGM concentration (ca. 1-3 ppm), so there is a 
requirement to separate and concentrate PGMs from commercially less valuable minerals, prior to 
the leaching or smelting stages.  
Separating the PGMs from other minerals is usually achieved by froth flotation,3,4 which operates by 
aerating a finely-ground ore slurry in a series of agitated tanks. Selective ligands, called mineral 
collectors, are added to bind to the target mineral surface via chemi- or physisorption. Collectors are 
typically small organic anionic surfactants, such as ethyl xanthate (CH3CH2OCS2-), that possess an  
anionic head group to bind to the metal ions on mineral surfaces, while the aliphatic tail renders the 
surface hydrophobic, facilitating bubble attachment. In this way, mineral particles rise through the 
tank to form a froth which is mechanically separated for further processing.  
Studying the mode of action for collector ligands with mineral surfaces is of major industrial  interest,5 
and an area in which some insight can be achieved from computational modelling. The work is 
challenging, however. High accuracy modelling of the two-phase collector/mineral system requires a 
first principles condensed matter approach6, with plane-wave density functional theory (DFT) being 
the most tractable solution, but this places a restriction on the size of atomistic models that can be 
processed. Specific to this work was the decision to model pentlandite, which has value as a primary 
source of Ni, and tends to be preferentially collected over PGMs in the froth floatation process. 
Pentlandite displays positional disorder of its Fe and Ni sites, which significantly complicates the task 
of defining a working surface, cleaved from a suitable solid state model, upon which to study ligand 
binding. Within the ultrasoft pseudopotential method there exists a possible solution in the virtual 
crystal approximation (VCA)7, a technique derived to account for static positional disorder and 
stoichiometric variance in crystal structures.  Here a disordered lattice position is replaced with two 
or more (non-interacting) pseudoatoms, which interpolate between the possible occupants of the site. 
While this method necessitates the neglect of local structure variation around the pseudoatoms, it 
has been successfully applied in a number of solid state studies8,9.  The ability of the VCA method to 
generate reliable bulk, surface and ligand/surface binding models with high positional disorder is 
investigated in this paper. 
Another approach to dealing with metal site disorder is to parameterise a cluster expansion model. 
This relates the total energy of a bulk lattice to the species occupying the metal sites by use of a 
network of pairwise (or higher order) lattice sites and associated interaction constants, which are 
derived by fitting the cluster expansion to the total energies obtained from a training set of explicitly-
defined DFT simulations.  A well-parameterised cluster expansion Hamiltonian then allows the 
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application of a Monte Carlo approach to find the global minimum-energy bulk structure. Moreover 
the cluster interaction constants allow information to be gleaned regarding the nature of the 
metal…metal contacts themselves, specifically whether homogeneous (i.e. Fe…Fe or Ni…Ni) or 
heterogeneous (Fe…Ni) neighbouring metal contacts in the Pn disordered lattice are more likely to be 
energetically favoured.   
A second modelling challenge in this work is the need to bind anionic ligands to the surface model. 
Placing a negatively charged ligand into a periodic system creates a charged supercell which lacks a 
well-defined energy.10  Herein we offer a solution by calculating a correction defined via the surface 
work function that corresponds to the energy required to remove an electron from the mineral 
surface, thereby returning the model to an effectively charge zero state. The justification for this stems 
from the fact that the Pn mineral surface is metallic, and thus the charge introduced from the anionic 
ligand will dissipate (and be effectively diluted) through the slab.    
Finally, as sulfide mineral flotation occurs in aqueous media under fairly basic conditions4, water and 
hydroxide ions will compete11 with the collector ligand to bind to the mineral surface.   A full ab initio 
treatment of the interfacial water environment involves too many degrees of freedom to be tractable 
on a reasonable timescale.  In this work we address surface binding competition in a more general 
way by considering the binding of an increasing surface coverage of water molecules, from one 
molecule per unit cell to a full monolayer.  We also consider the binding of a single hydroxide fragment 
to the Pn mineral surface in order to estimate the initial energetic barrier that the collector ligand 
would have to overcome in order to bind to the bare mineral surface. 
The paper is laid out as follows. In the methods section we first describe the computational models 
used before moving onto techniques for dealing with positional disorder in bulk and surface Pn 
models, in which we describe both the VCA and cluster expansion methods.  Next we describe the 
building and assessment of surface models and describe the method used to calculate binding of a 
formally negatively charged ligand to a mineral surface via the surface work function correction.  In 
the results and discussion section we first compare and contrast VCA and explicit Pn bulk models and 
follow this with the results obtained from the cluster expansion method.  We then use the surface 
work function correction to calculate binding energies for ethyl xanthate, water and hydroxide ligand 
to the surface of Pn.   
 
2.0 Methods 
2.1 Computational details  
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All geometry optimisation calculations were carried out using the plane-wave DFT code CASTEP12, 
version 7.02.  The PBE exchange-correlation functional13 was used, along with a plane-wave basis set 
with an energy cut-off of 550 eV, which demonstrated convergence to within 0.2 meV/atom. Ultra-
soft pseudopotentials14 were generated ‘on-the-fly’. A k-point grid was generated using the 
Monkhorst-Pack scheme15 set to 4 x 4 x 1 for all calculations, representing a k-point sampling spacing 
of no greater than 0.015 Å-1.  The convergence tolerances for force, ionic displacement and energy 
were 0.05 eVÅ-1, 0.001 Å and 0.01 meV/atom, respectively.  
The bulk unit cell parameters and atomic positions of Pn were set at the values determined by Pearson 
et al,16 which were obtained from the mineral crystallographic database MINCRYST.17  These cell 
parameters were a (= b = c) = 10.03 Å,  (=  = ) = 90 and space group Fm-3m (#225).  The bulk unit 
cell contains a total of 36 metal atom sites, corresponding to 4 octahedral sites and 32 tetrahedral 
sites. A powder neutron diffraction study on a synthetic Pn sample (which had been annealed at 150 
C for 3 months) suggested a 53(2) % Ni occupancy bias for the octahedral sites and 48(2) % occupancy 
bias for the tetrahedral sites.18 A Mössbauer spectroscopy study indicates that the Fe octahedral sites 
are probably divalent and express an isomer shift intermediate between that for a high and low spin 
state.19 The same study suggests that the Fe tetrahedral sites probably carry oxidation state zero.  No 
information appears to be known regarding the oxidation states for the Ni sites. Experimentally, Pn is 
reported to be non-magnetic20 and thus has net zero spin, although this does not rule out the possible 
existence of antiferromagnetic spin polarised states. The problems associated with the computational 
modelling of Pn are therefore two-fold: firstly, to identify if there are any local correlations in Ni and 
Fe distribution; secondly, to determine likely oxidation states and spin states for the metal sites. In 
this work we focus purely on the first problem. To this end, all calculations reported in this paper relate 
to spin-restricted wavefunctions; we have not pursued the use of DFT+U functionals21, 22 which are 
known to be important for correcting the over-delocalisation of electrons observed in condensed 
matter transition metal systems by pure DFT functionals,23, 24 and are thus important in work where 
in-depth knowledge of the oxidation states and spin states is sought.  
The final working surface adopted (see below) had a surface unit cell with dimensions a = b = 14.18 Å, 
c = 35.00 Å, α = β = 90°, γ = 120° when cleaved from the Pn bulk unit cell.  This model was used to 
calculate surface energies.  Note it is possible to half the a and b vectors of the model without losing 
structural information except for the symmetry of the original bulk unit cell, implying that the 
symmetry of the original bulk unit cell requires a 2  2 supercell of the surface periodic unit cell to fully 
describe the identity distribution of its metal sites.  For this reason, when a VCA bulk unit cell (in which 
all the metal atom sites are equivalent) is cleaved it produces a surface unit cell with half the a, b 
5 
 
dimensions, comprising 18 metal atom sites. This distinction is important as the smaller Pn surface 
unit cell was used in the ligand binding studies to reduce the computational cost. This model presents 
three metal sites for ligand binding, allowing up to three water molecules or hydroxide ions to be 
bound, but only one xanthate ligand as this will require two metal sites to bind in a bridging fashion. 
Whilst this makes for an attractive system size for computational modelling work, the issue of whether 
this is a realistic representation of surface coverage requires discussion. From electrochemical and 
surface enhanced Raman spectroscopy (SERS) measurements it is generally accepted that ethyl 
xanthate monomers chemisorb to the surfaces of minerals, and then undergo an oxidative 
dimerization reaction to form the dixanthogen species, which are thought to form physisorbed 
multilayers above the chemisorbed monomer.25 , 26, 27 The extent of surface coverage by the collector 
ligand appears not to be reported in the literature, however. But since in this work we are interested 
in modelling the chemisorbed binding of the monomer state only, the number of available binding 
sites in the proposed models seems reasonable for the task at hand. Note however, this model is only 
large enough to permit adsorption of one ligand onto one surface; to adsorb onto both surfaces would 
require the c vector to at least double in length, which would render the task extremely compute-
heavy. This raises the prospect that the asymmetric ligand+surface models will carry a dipole, which 
in turn could further polarise the system. However, the dipole correction to the total energy, as 
calculated using the Neugebauer and Scheffler scheme28 (implemented in CASTEP 8.0) is small, less 
than 5 meV per unit cell (see Supporting Information, SI1).  
Energies of the optimised ligand models of ethyl xanthate and a hydroxide ion were obtained by 
optimising one charged ligand molecule inside a cubic unit cell of dimension of at least 30 Å; for water 
the unit cell size was restricted to 20 Å.  Convergence of total energy with unit cell dimensions for the 
anionic ligands is explored in the Supporting Information, SI2. 
 
2.2 Positional disorder in Pn bulk and surface models 
The configurational disorder of metal sites in Pn generates a large number of different bulk and surface 
metal distributions.  One method for solving the issue of a large number of different possible bulk and 
surface conformations is to adopt the virtual crystal approximation (VCA). This operates by replacing 
the external potential term ?̂?𝑒𝑥𝑡 in the Hamiltonian of each explicit metal atom with a new external 
potential, which interpolates between the external potentials of all possible site occupants.  For Pn 
this means that all metal sites (either bulk or surface) are replaced with pseudoatoms with the 
6 
 
properties of a 1:1 mix of iron and nickel. Thus just one VCA model can be used to account in a 
generalised way for all variants with this metal occupancy. 
The literature generally recommends that the VCA method is thoroughly benchmarked before use.10,11  
To this end comparisons were made between VCA models and a selection of randomly generated 
models with explicit metal site occupancy (referred to throughout as ‘explicit’ models) at three 
different stages: comparison of optimised bulk, surface and ligand-binding systems.  For bulk systems 
atomic displacements observed following optimisation were compared; for surfaces and for ligand 
binding comparisons were made on the basis of surface energies and ligand binding energies, 
respectively. 
An alternative to VCA is to generate a cluster expansion expression which relates the total energy of 
a Pn bulk unit cell to the metal site identity distribution.  All neighbouring metal-metal interactions in 
the Pn bulk below a reasonably long 6 Å cut-off were considered.  The high symmetry present in Pn 
results in only five unique metal-metal interactions within this cut-off [labelled 1-5, see Figure 1, with 
corresponding bond lengths shown in Figure 1(b)].  Metal site identity is controlled by the parameter 
𝜎, which is set to +1 to indicate Fe and -1 for Ni. Thus if two ions occupying neighbouring sites i and j 
are of the same species 𝜎𝑖𝜎𝑗  will return a value of 1, and -1 otherwise.  The five metal-metal site pairs, 
including interactions across periodic boundaries, were documented in a separate neighbour list for 
each interaction along with their degeneracies, and ascribed a value of 𝜎𝑖𝜎𝑗 which were then summed.  
Each site pair interaction will make a separate contribution to the total energy and so a weighting 
parameter Jn for each is required.  In this way we can define the total bulk energy ET of any bulk Pn 
model as: 
 
𝐸𝑇 = 𝐸0 + ∑ [𝐽𝑛 ∑ 𝜎𝑖𝜎𝑗
𝑖,𝑗
]
5
𝑛=1
 (1) 
 
where E0 is a constant baseline energy term.  We constructed ten explicit Pn bulk models (labelled A-
J) whose metal distributions were chosen randomly (see Supporting Information, SI3) and found their 
total energy ET. This represents the training data set, against which the baseline energy E0 and 
weighting constants Jn were fitted.  
2.3 Definition and testing of surface models 
Before dealing with positional disorder in the Pn surface, a generalised working surface was defined 
using the surface energy as a metric for stability.  This was calculated as the difference in the total 
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energies of a surface slab model (Esurf) and a representative bulk model (Ebulk) from which the surface 
has been cleaved containing the same number of atoms in the same stoichiometric mix29.  This value 
was then divided by the exposed surface area (A) of the slab model, as shown in equation 2.    
 𝐸𝑠 =
𝐸𝑆𝑢𝑟𝑓 − 𝐸𝐵𝑢𝑙𝑘
𝐴
 (2) 
It should be noted that the slab has two surfaces, top and bottom, and ideally both should be the 
same, otherwise the energy obtained will represent a mix of energetic contributions from both 
surfaces.  
For the bulk crystal structure Pn, a number of possible surface models were generated by cleaving 
along the three low Miller index planes [100], [110] and [111] and varying the point of surface 
termination (see Supporting Information, SI4).   Each surface model thus generated was given a 
minimum slab depth of 10 Å so as to provide a central ‘bulk-like’ region to separate the two identical 
exposed surfaces sufficiently.  The ratio of metal-to-sulfur sites was counted for each surface 
termination model on each Miller index face and compared to the ratio of bulk metal-to-sulfur sites; 
any model which did not match the bulk ratio was discounted as they are not energetically 
comparable.   
Of all models so generated, only one met the ratio requirement, the metal-terminated surface on the 
[111] cleavage plane (see Figure 3, Supporting Information SI4, and also Figure 6), which consists of 
metal sites sitting slightly elevated from the mineral surface and forming threefold hollows 
interspersed with sulfur ions. Interestingly, this surface mirrors the two 4- and 5-coordinate sulfur 
sites reported from an X-ray photoelectron spectroscopy study of near-pristine natural pentlandite. 30 
While this sets the general structure of the surface model (herein defined as the ‘working surface’), 
the issue of metal site identity still remains. To this end, the ten explicit random Pn bulk model 
(labelled A-J) already defined to parameterise the cluster expansion expression were cleaved along 
the [111] Miller Index plane, as was the lowest energy Pn bulk model subsequently found by the 
cluster expansion expression, and the general VCA bulk model. Thus the surface energies for a total 
set of twelve surface models were pursued.  These represent ideal surfaces; the effects of e.g. surface 
reconstruction cannot be pursued with models of this size.   
 
2.4 Calculating ligand binding energies 
Binding energies are normally calculated from the difference in total energy between a ligated surface 
[L+S] model and the sum of the total energies for the unbound surface [S] and the unbound ligand [L].  
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An issue arises however if the ligand to be bound to the surface is an anion, as the resulting periodic 
system of charged unit cells lacks a well-defined energy per cell10.  Reliable total energies can be 
calculated for [L]−, provided the ligand-only model is placed in a sufficiently large unit cell to negate 
finite-size effects, and the Makov-Payne correction scheme31 can be applied to aid the energy 
convergence process.  The total energy of  [L + S]− cannot be calculated in this way, however, as the 
unit cell vectors have to increase by integer units, which quickly becomes prohibitive.  A workaround 
can be found, however, by recognising that the calculated electronic density of states plot for the bare 
slab is metallic (see Supporting Information, SI5), so the charge introduced from the ligand will 
delocalise into the band structure sitting at the Fermi level. (Note this metallic character discounts the 
use of other energetic correction schemes32 which have been developed to model localised charged 
defects within semiconductors and ionic crystals). Moreover, the adsorption of xanthate onto a 
mineral surface is known from experiment to be an oxidative process (ref).33 The question then 
becomes whether the work required to remove the extra electron (via the surface work function 
correction, 𝜙) would be best calculated for the  [L + S]  system or for [S]. Whilst the former would 
be desirable (and indeed the presence of the adsorbed ligand may alter the work function),34 the 
practicalities of this option are severely limited due to the large model sizes required to generate a 
stable background coulombic potential for this system.  The more tractable solution is therefore to 
remove the electron from model [S]. In practise, the surface work function 𝜙[𝑆]0  is calculated by 
subtracting the Fermi energy for the neutral surface model [S]0 from the negative of the coulomb 
potential (Vpot), averaged over the stable region in the vacuum gap35 (see Figure 5): 
A practical scheme to calculate the binding energy for a singly charged anion on a surface can then be 
calculated using the following expression:  
 
The binding of ethyl xanthate to the working surface of Pn was modelled using both the VCA and atom-
explicit models.  Starting with the VCA surface, the ligand was docked onto the surface via the thiol 
head group in either a single (i.e. with only one sulfur atom addressing the surface), or bridging (i.e. 
with both sulfur atoms addressing different metal ions on the surface, see Figure 2) geometry. The 
later docking arrangement was the most stable, and all subsequent xanthate binding calculations 
pursued this geometry exclusively. Following optimisation, the VCA pseudoatoms in the slab were 
 𝜙[𝑆]0 = (−𝑉𝑝𝑜𝑡) − 𝐸𝐹𝑒𝑟𝑚𝑖 . (3) 
  𝐸𝐵 = ([L + S]
0 − 𝜙[𝑆]0) − ([L]
−  +  [S]0) (4) 
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then exchanged for explicitly (and randomly) defined Fe or Ni ions, while maintaining an overall 1:1 
ratio of Fe:Ni. A total of ten models (labelled 1 to 10) were investigated36.   
Any investigation into the effects of ligand/surface binding for a froth flotation application should take 
into account desolvation of the ligand and surface. Neither are straightforward to achieve without 
explicit treatment of water molecules, which comes with considerable computational cost.  Whilst an 
estimate of ligand desolvation energy could be obtained, for example, by application of the solvent 
polarizable continuum model (PCM)37, this is only a partial solution, as it is reasonable to assume that 
only the polar binding head-group becomes desolvated upon binding to the mineral surface. 
Calculating desolvation energies of the surface is also complex, as removal of water from the mineral 
surface should be into bulk water, not a vacuum layer. It is also reasonable to expect that the work 
function 𝜙[𝑆]0  will be dependent upon the presence of water. Previous work by Cheng et al
38 showed 
that a solvated work function for a water monolayer in contact with TiO2 gave good equivalence to 
that derived from a full bulk water/surface model. However, the challenge with adopting this 
procedure for the [111] Pn mineral slab lies in obtaining equivalent water monolayer geometries on 
both the top and bottom surfaces; any variation in geometry significantly affects the vacuum 
electrostatic potential, and hence the ability to obtain a stable work function. 
In the face of this complexity, some of the effects of solvation in the computational models were 
instead estimated through simple competitive site binding, by determining the binding energies of 
both individual water molecules and hydroxide anions, as well as a monolayer of water molecules on 
relevant surfaces. The modelling of a water monolayer was achieved by considering an increasing 
number of water molecules (oxygen atom pointing down) to the metal ions on the mineral surface in 
the ‘on-top’ orientation (such that an axis bisecting the H-O-H angle was perpendicular to the surface; 
this binding arrangement has been shown to be more energetically favourable on pure metal surfaces 
than one where water molecules bridge metal atom sites39,40).    As there are three exposed metal 
sites per unit cell these coverages are labelled ‘1/3’, ‘2/3’ and ‘full’.    It was expected that following 
optimization the H2O molecular plane would drop to be almost parallel to the surface39.  Repeat 
calculations were performed for higher surface coverage models, with the molecular planes of the 
different water molecules parallel and perpendicular to one another, to ensure that the lowest energy 
conformation was achieved. The hydroxide fragment was addressed oxygen atom ‘down’ into the on-
top position of the metals on the mineral surface, with the oxygen-hydrogen bond axis parallel with 
the surface normal. 
 
3.0 Results and Discussion 
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3.1 Comparison of VCA and explicit bulk models 
Atomic displacement data for the optimisation process of the Pn VCA bulk and explicit bulks A-J, 
compared to the input crystallographic coordinates, are given in the Supporting Information (Table 
S7, SI7).  They show that the explicit model atoms moved (on average) 0.07 Å, compared to 0.05 Å 
from the VCA model, indicating that the explicit models experience slightly greater local distortions in 
the lattice than the averaged VCA model (note the maximum deviation from the experimental 
structure found for any atomic site was 0.33 Å and 0.27 Å for the explicit and VCA models, 
respectively). Overall, however, the differences between the modelling approaches appear to be quite 
small, and so on the basis of bulk geometries, the general VCA model is broadly similar to the explicit 
model results. 
3.2 Cluster expansion models 
The ∑ 𝜎𝑖𝜎𝑗𝑖,𝑗  terms for all ten explicit bulk models A-J are presented in the Supporting Information, 
SI8, alongside their predicted total energies and actual total energies , 𝐸𝑇, as derived by DFT geometry 
optimisations. The two sets of energies are also shown as a correlation plot in Figure 4, where an R2  
fit to a y = x line of 0.9872 testifies to a good performance by the six-parameter cluster expansion 
Hamiltonian in reproducing the DFT optimised energies. Values for the short-contact 𝐽𝑛 interaction 
parameters and baseline energy term E0 (obtained by a least squares approach41) are shown in Table 
1, alongside their ‘power ranking’, obtained by taking their respective degeneracies into account. 
From this it was found that interaction 𝐽3 imparts the biggest impact on the total energy, followed by 
𝐽2, 𝐽1, 𝐽5 and 𝐽4 in that order.  Given that four of the five 𝐽𝑛 parameters are positive numbers this 
suggests that the total energy of the Pn unit cell as expressed by equation 1 will be minimised if 
neighbouring metal sites are occupied by non-identical ions (i.e. the ∑ 𝜎𝑖𝜎𝑗𝑖,𝑗  terms are negative).   
Thus the cluster expansion expression suggest that more stable bulk models are obtained when the 
metal ions in the lattice are heterogeneously dispersed. However, we stress that the training set of 
DFT optimised structures have been derived from spin restricted wavefunctions; whether these 
correlations hold in a spin-polarised environment, and with more rigorous DFT+U functionals to 
explore specific metal site oxidation and spin state will require further investigation. 
Inserting values for 𝐸0 and 𝐽1-𝐽5  into Equation 1 permitted the calculation of a predicted total energy 
for any metal distribution in a Pn bulk unit cell, provided the associated ∑ 𝜎𝑖𝜎𝑗𝑖,𝑗  terms can be 
determined. Using this parameter set a Monte Carlo pair-swapping algorithm was used to efficiently 
sample the (
36
18
) possible metal occupations in the Pn mineral bulk to find the global lowest-energy 
Pn structure.  The resulting structure was subsequently confirmed as the lowest energy structure in 
the set by a DFT geometry optimisation calculation, which returned a total energy value some 0.4 eV 
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lower than the most stable randomised bulk model. The structure of the lowest energy bulk unit cell 
displays a reasonably high degree of symmetry, belonging to space group Pcma [see Figure 1(c) and 
(d); atomic positions, alongside the explicit bulk models A-J, are given in the Supporting Information, 
SI3]. This model supports 50 % Ni occupancy at both the octahedral and tetrahedral sites, in 
agreement with the neutron powder diffraction study on a synthetic Pn sample quoted earlier [53(2) 
% Ni occupancy of the octahedral sites and 48(2) % of the tetrahedral sites].18  Note however, this 
computational structure search was restricted to just the local metal…metal identity correlations 
occurring below a 6 Å cut-off radius. This is sufficient to cover the length scale of the crystallographic 
unit cell comprising 36 metal sites, and as this model comprises only 4 octahedral sites the close match 
with experiment is not so surprising.  Moreover, whilst a low energy ordered model has been found 
computationally, the lack of any ordered model arising from diffraction studies must point towards 
the absence of any long-range metal…metal identity correlations. To explore the longer length scale 
by a cluster expansion route would, however, require the parameterisation of more J coupling values 
to account for those longer correlations, which in turn would necessitate the use of larger unit cell 
DFT training simulations. The problem quickly becomes intractable. The work performed here on the 
single unit cell representation does, however, give new insight into the nature of the set of closest 
metal…metal contact interactions, which on the basis of energetics point towards heterogeneous 
interactions being favoured over homogeneous ones.     
 
3.3 Comparison of VCA, explicit and cluster expansion model surfaces 
The surface energies for the VCA working surface, the ten explicit working surfaces cleaved from the 
bulk models A-J, and the surface cleaved from the cluster expansion bulk model (labelled ‘C.E. surf’) 
are presented in Table 2 along with the total number of iron and nickel ions in each ‘layer’ of these 
surface models (as described in Figure 6).  The model total energies used to calculate the surface 
energies presented in Table 3 are given in the Supporting Information, SI9.  While the top and bottom 
surfaces of the slab are identical with respect to a general metal or sulphur site, the metal occupancies 
will no longer be identical when a random species (Fe or Ni) is assigned to any given metal site.  This 
limitation could be fixed by increasing the slab thickness until it reaches the next completely identical 
working surface, but the computational cost of this is prohibitive.  The lack of equivalent surfaces top 
and bottom is not a major issue, it simply means that the reported surface energy for any explicit atom 
model will be an average of the surface energies for both. 
The results in Table 2 indicate that the [111] working surface is stable for all models, with the VCA 
approach predicting the most stable result; this result is anomalous, however, as the VCA approach 
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fails to recreate local distortions around the different metal ions adequately (see Figure 6), or the 
appropriate degree of surface relaxation (indeed VCA surfaces expand slightly during optimisation, 
see the Supporting Information, SI10), and thus retains a structure much closer to the  bulk model.  All 
atom-explicit models (A-J and C.E. surf) display significant local distortions.  Some are shown 
graphically in Figure 6.  From this we conclude that the VCA cannot be applied reliably to calculate 
surface geometries and energies for Pn. 
The cluster expansion surface model displays a surface energy of 1.38 Jm-2, which lies outside the 
range defined by explicit models A-J, suggesting that the most stable bulk model does not give rise to 
the most stable surface.  
Whilst acknowledging that the number of surface models studied is small relative to all possible 
combinations of metal occupancies, analysis of the distribution of Fe and Ni positions suggests that 
those models which display an excess of Ni ions on the surface (C and J) tend to have lower surface 
energies than those with an excess of Fe ions on the surface (A, D and CE Surf).  There is also a cluster 
of models with similar surface energies (E,F,G,H & I at 1.16-1.19 Jm-2) which have no surface metal 
excess, or their excesses cancel. However, evidence from experiment suggests that in an oxidising 
environment over time, Fe will migrate to the surface preferentially over Ni to form a more 
thermodynamically stable Fe oxyhydroxide layer.30    
 
3.4 Ligand binding 
The calculated work surface functions for the bare mineral slabs are given in Supporting Information, 
SI11. Values obtained range from 4.38 eV (for the Fe terminated surface) to 4.80 eV (for the Ni 
terminated surface), with all other explicitly defined models falling between these two limits. 
Comparing to literature values, we note the experimental values of 4.67-4.81 eV for elemental Fe and 
5.04-5.35 eV for elemental Ni.42 Whilst acknowledging that the values are likely to differ for the 
mineral surface, the elemental values do at least show that our surface work functions are sensible 
numbers, if somewhat on the low side. This is likely an artefact of the pure DFT functional employed 
in this work, which is well known to over-delocalise d-electrons.43 However we also note that values 
obtained from the LMTO tight binding approximation (5.54 eV for FCC Fe and 5.77 eV for FCC Ni)44 
appear to overcompensate for this shortcoming and return numbers that are too high.  
Calculated binding energies for ethyl xanthate bound to Pn under both the VCA and atom-explicit 
(models 1-10) surfaces are given in Table 3.  All total energies and work function values used to 
calculate these binding energies are presented in the Supporting Information, SI11.  The VCA model 
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predicts a notably weaker energy than explicit model surfaces, which again suggests that its use is 
unreliable for pentlandite surface studies.  
Considerable variations of the binding energy (ca. 130 kJmol-1) were found across the range of explicit 
model surfaces. All recorded binding energies except one relate to a bridging geometry, with each of 
the sulfur atoms from the ligand coordinating to a separate metal on the mineral surface [see Figure 
7(a)]. The only exception is model 2, which displays an energetically less favourable tripodal geometry, 
where one sulfur atom binds to two surface metals [see Figure 7(b)]. To observe whether there is a 
strong correlation between ligand binding energy and surface structure, the distribution of metals 
throughout the lattice was analysed as before. A breakdown of the metal site occupancies in each 
layer of surface models 1-10 is given in Table 3; ligand binding occurs onto layer 1.   
Table 3 shows that, in general, Fe-enriched surfaces tend to have stronger binding energies to ethyl 
xanthate than Ni-enriched surfaces, and this trend is preserved if the work function correction is 
removed from the binding energy calculation (that is, the trend in binding energies is not simply a 
consequence of the variation in work function values).  The two highest binding energies belong to 
systems where the ligand bridges two Fe ions, and conversely the weakest binding energy belongs to 
a system where the system bridges two Ni ions.  To explore this further two [L+S] models were built 
in which the surface metal sites contained either all Fe or all Ni ions.  The metal distributions, ligand 
binding energies and identities of the surface binding metal species for these models are given in the 
last two rows in Table 3 where ‘Fe’ (or ‘Ni’) denotes the Fe (or Ni) enriched surface model.   These two 
models represent the upper and lower bounds of the range of ethyl xanthate binding energies, with 
just two exceptions.  Model 2 has already been singled out as binding via a tripodal arrangement, 
preventing further comparisons.  Model 1 has a lower binding energy than the Ni model and is the 
only model outside of the Ni-Fe range.   Thus in general it would appear that with just two explicit-
atom calculations an upper and lower ligand binding energy range can be established for a disordered 
mineral surface, with a high probability that most explicit models will lie between these two extremes.   
Finally, the strain in the ligand and the surface which is associated with binding can be determined by 
running separate single point energy calculations of the ligand-bound and surface-bound geometries 
and comparing them with their optimised unbound counterparts. This suggests that, as would be 
expected, the ligand harbours more strain energy than the surface, with internal geometry changes 
corresponding to around 25 kJmol-1 of strain energy, versus around 8 kJmol-1 for the surface.   
 
3.5 Hydration and hydroxylation enthalpies of Pn surfaces 
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The binding energies for increasing coverages of water molecules on the Fe- and Ni-enriched surfaces 
are presented in Table 4.  Data relevant to the calculation of these binding energies is presented in 
the Supporting Information, SI11.  The ‘full’ coverage monolayer model represents the lowest energy 
conformation achieved from the different repeat models outlined in the methodology.  Also presented 
in Table 4 are the average binding energies per molecule at increasing surface coverage, to highlight 
whether hydrogen-bonding interactions between water molecules further stabilise the water layer as 
saturation of binding sites is reached, along with the binding energies for hydroxide on the Fe and Ni 
enriched surfaces.  Geometric parameters for all three surface coverages on both surfaces are 
presented in the Supporting Information, SI12.   
Optimised geometries obtained for the full water monolayer coverage Ni enriched and Fe enriched 
model are shown in Figure 8. The optimized models are very similar, showing only small geometric 
variations.  The rotation of all but one of the water molecules in both models to address the surface 
hydrogen-atom ‘down’, as observed on the full monolayer models, was also observed on the 2/3 
coverage models, whilst the 1/3 coverage model displayed an oxygen-atom ‘down’ orientation only.  
There is a marginal decline in average binding energy with increasing surface coverage, which we 
attribute to some water molecules adopting the less favourable hydrogen-atom ‘down’ geometry. In 
line with expecting the binding energy of a ligand to Pn to vary significantly between Ni- and Fe-
enriched surfaces the hydration enthalpy for the Pn [111] surface changes from -165.4 to -193.9 kJmol-
1 for these surfaces, respectively.   
The single molecule binding energy (1/3 coverage) for the Fe-enriched surface (-68.5 kJmol-1) 
compares well with computational results from other iron containing sulfide minerals such as pyrite45 
(-54.1 kJmol-1) and reconstructed chalcopyrite46 (-95.4 kJmol—1 which contains an additional water-
surface hydrogen bond).  No similar literature value could be found to benchmark the adsorption of 
water on millerite (NiS) or nickeline (NiAs). 
Optimized models obtained for the binding of one OH anion to the Ni- and Fe-enriched Pn surface 
models are shown in Figure 9, for which the surface work function correction procedure returns a 
binding energy of -529.0 and -570.1 kJmol-1, for the two surfaces, respectively. This is significantly 
higher than a monolayer of water and suggests the formation of covalent M-O bonds, which is also 
matched by geometric data showing Ni-O and Fe-O bond lengths of 1.808 and 1.778 Å, well within the 
range of M-O covalent bonding.  A previous study by Jung et al47 involving the binding of hydroxide to 
the Fe(100) surface (but without correcting for the negative charge) suggests a binding energy of an 
hydroxide group is -380 kJmol-1.  Removing the work function correction from the data obtained in 
this study resulted in the binding energies for the OH0 fragment to the Ni and Fe enriched Pn surface 
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models falling to -342.2 and -423.6 kJmol-1, respectively, which are comparable to the earlier literature 
value.  
Comparing the relative binding strengths of water, hydroxide and ethyl xanthate to pentlandite gives 
an insight into the ease of collector uptake on the mineral surface, but bear in mind the binding 
energies have not been corrected for the effects of hydration.  The modelling suggests that ethyl 
xanthate could easily displace even a full monolayer of water in order to bind.  However the close 
binding energy values for xanthate and hydroxide suggest that the two will be in competition to 
address the mineral surface, a point confirmed by Klimpel4848 . These results point to the need to 
carefully control pH conditions in the froth floatation process, which can be achieved through the 
addition of chemical modifiers.  
 
4.0 Conclusions 
In this study we conducted a first principles investigation into the mineral pentlandite (Pn), which 
exhibits positional disorder in relation to the Fe and Ni occupation sites. A cluster expansion 
expression suggests that lower energy bulk models were more likely to be constructed from lattices 
where the Fe and Ni ions are more heterogeneously dispersed, rather than like-ions clustered 
together. Further work will need to be undertaken to probe the likely distribution of oxidation states 
and spin states. The [111] Miller index, metal-terminated cleavage plane was identified to be a stable 
working surface and findings tentatively point towards the observation that more stable surfaces are 
generated when less Fe ions are present at the mineral surface.  Virtual crystal approximation 
simulations were found to adequately reproduce bulk geometrical parameters, but could not 
reproduce the local surface distortions observed in the explicit surface models, and consequently 
produced a surface energy which is likely to be too low. 
Surface work functions were determined in order to address the electron charge imbalance induced 
by introducing a negatively charged ligand to the mineral surface, thus permitting binding energies for 
anionic ligands on the Pn surface to be obtained.  A range of energies (not corrected for the effects of 
solvation), from -447.9 kJ mol-1 (for a Pn surface with excess Ni at the interface) to –551.8 kJ mol-1 (for 
a Pn surface with excess Fe at the interface) were obtained, with values for most other random, 
explicitly-defined surfaces falling in between these two outer bracketed values.  In an effort to 
quantify the effects of hydration on the mineral surface, binding energies of increasing surface 
coverage of water molecules (at 1/3, 2/3 and monolayer coverage) were calculated.  Average binding 
energies per water molecule of ca. -55 and -65 kJ mol-1 for a Ni- and Fe-enriched surface respectively 
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were found.  The binding energies of a lone hydroxyl anion to the two surface excess Pn models were 
found as -529.0 and -570.1 kJmol-1 for the Ni- and Fe-enriched surfaces respectively. These results 
indicate that while an ethyl xanthate collector could readily displace up to a full monolayer of water 
per unit cell in order to bind, it is likely that Fe-enriched surfaces will bind xanthate in competition 
with the hydroxide anion, whilst a Ni-enriched surface will preferentially bind hydroxide anions over 
xanthate.  This work therefore highlights the need to use chemical modifiers to control pH conditions 
during the froth floatation process.  
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Figure 1. The full (a) and reduced (b) metal skeleton of the Pn bulk unit cell, with the octahedral sites 
(equivalent to 4 atomic positions) highlighted in purple, and the tetrahedral positions (32 atomic 
positions) highlighted in green. One atom (coloured yellow) has been selected at random to define 
the metal…metal J1 – J5 interactions and their lengths are shown in (b). (c) The lowest energy explicit 
model found for Pn from the cluster expansion process, showing just the Fe (shown in blue) and Ni 
(silver) ions in (d). 
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Figure 2. The favoured bridging geometry observed for ethyl xanthate binding to a Pn surface.  For 
clarity the binding motif is shown in a 2  2  1 supercell.  Legend: dark grey  - carbon, yellow - 
sulfur, red - oxygen, white  - hydrogen, light grey  - nickel and blue - iron.  The black line represents 
the periodic boundary. 
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Figure 3. Side on (a) and top down surface net (b) of the [111] working surface of Pn.  Legend: yellow 
– sulfur, purple - metal sites.  Black lines represent periodic boundaries 
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Figure 4. Correlation plot of actual total energy (derived from DFT calculations) versus predicted total 
energy (derived from the cluster expansion Hamiltonian) for the training set of explicit pentlandite 
bulk models (A-J), along with the lowest energy structure found by the cluster expansion approach 
(marked ‘x’). 
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Figure 5. The average electrostatic potential along the c vector for the Pn slab unit cell, showing how 
Vpot is derived  to calculate the surface work function (Φ𝑠). 
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Figure 6. Comparison of optimised surface structures for the [111] Pn working surface, obtained by 
VCA and explicit (A-D) models.   Legend: Yellow, blue and white are S, Fe and Ni respectively.  Green 
atoms are mixed occupancy Fe/Ni VCA pseudoatoms. Periodic boundaries are omitted for clarity.  
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Figure 7. The recurrent bridging geometry (a) observed for all but one explicit [L+S] model and the 
less favourable tripodal geometry (b) observed for explicit model 2.  Legend: dark grey - carbon, 
yellow - sulfur, red - oxygen, white (on ligand) - hydrogen, light grey  (in lattice) - nickel and blue - 
iron. 
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Figure 8. Top-down (left) and side-on (right) views of the full surface coverage H2O on Ni and Fe-
enriched Pn surface models, showing the formation of a long range hydrogen bonding network.  For 
clarity a 2  2 supercell is shown, and all subsurface ions have been removed.  Legend: yellow – S, 
grey (in lattice) – Ni, blue (in lattice) - Fe, red – O, white (in ligand) – H, dashed black lines – H bonds 
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Figure 9. Top-down and side-on view of the 1/3 coverage OH Fe and Ni enriched Pn surface model.  
For clarity a 2x2 supercell is shown, and all subsurface ions have been removed.  Legend: yellow – S, 
blue - Fe, grey (in lattice) – Ni, red – O, white (in ligand) – H,  
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Table 1. Least squares fitted parameter values (and their respective errors) for E0 and all Jn alongside 
the ‘power ranking’, defined as the Jn parameter multiplied by its degeneracy, as obtained from 
cluster expansion data for explicit models A-J. 
Parameter Parameter 
value (eV) 
Error 
(+/-) 
Jn Degeneracy Power 
ranking 
𝑬𝟎 -46237.196 0.034 - - 
J1 0.027 0.003 48 1.330 
J2 0.017 0.002 96 1.660 
J3 0.026 0.004 96 2.515 
J4 0.003 0.003 64 0.237 
J5 -0.004 0.001 192 -0.771 
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Table 2. Comparison of surface energies for VCA and explicit models of the Pn [111] working surface.  
The number of Fe and Ni ions are reported for each layer of each explicit slab model as “#Fe,#Ni”.   
Values used in the calculation of the surface energy are presented in the Supporting Information, SI9. 
Model 
Layer 1 
#Fe,#Ni 
Layer 2 
#Fe,#Ni 
Layer 3 
#Fe,#Ni 
Layer 4 
#Fe,#Ni 
Layer 5 
#Fe,#Ni 
Surface 
energy 
(Jm-2) 
VCA 12 12 24 12 12 0.58 
A 6,6 3,9 16,8 3,9 8,4 1.34 
B 7,5 6,6 12,12 6,6 5,7 1.20 
C 4,8 8,4 10,14 8,4 6,6 1.13 
D 5,7 5,7 13,11 5,7 8,4 1.20 
E 6,6 6,6 12,12 6,6 6,6 1.17 
F 5,7 7,5 11,13 7,5 6,6 1.17 
G 4,8 6,6 12,12 6,6 8,4 1.16 
H 6,6 7,5 11,13 7,5 5,7 1.19 
I 3,9 6,6 12,12 6,6 9,3 1.17 
J 4,8 7,5 11,13 7,5 7,5 1.14 
C.E. Surf 6,6 6,6 12,12 6,6 6,6 1.38 
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Table 3. Comparison of VCA and randomised explicit model binding energies to ethyl xanthate and 
breakdown of each model layer occupancy.  The number of Fe and Ni ions are reported for each 
layer of each explicit slab model as “#Fe,#Ni”. Also shown are models with iron enriched and nickel 
enriched surfaces (“Fe” and “Ni” respectively in the first column).  Total energies and related values 
used to calculate binding energy are presented in the Supporting Information, SI11. 
Model Binding energy 
(kJmol-1) 
Layer 1 
#Fe,#Ni 
Layer 2 
#Fe,#Ni 
Layer 3 
#Fe,#Ni 
Layer 4 
#Fe,#Ni 
Layer 5 
#Fe,#Ni 
Ligand bound 
Toa 
VCA -318.1 3 3 6 3 3 Fe/Ni, Fe/Ni 
1 -414.5 1,2 2,1 3,3 3,0 0,3 Ni, Ni 
2 -437.1 1,2 1,2 3,3 2,1 2,1 - 
3 -455.2 1,2 2,1 2,4 2,1 2,1 Fe, Ni 
4 -466.6 1,2 2,1 4,2 1,2 1,2 Fe, Ni 
5 -467.5 2,1 2,1 3,3 1,2 1,2 Fe, Ni 
6 -481.4 1,2 2,1 3,3 2,1 1,2 Fe, Ni 
7 -483.6 2,1 0,3 3,3 2,1 2,1 Fe, Ni 
8 -488.3 2,1 1,2 3,3 2,1 1,2 Fe, Ni 
9 -542.1 2,1 0,3 3,3 2,1 2,1 Fe, Fe 
10 -543.1 2,1 1,2 2,4 3,0 1,2 Fe, Fe 
Fe -551.8 3,0 1,2 0,6 2,1 3,0 Fe, Fe 
Ni -447.9 0,3 2,1 6,0 1,2 0,3 Ni, Ni 
a Metal species each sulfur atom in ethyl xanthate binds to, assuming a bridging geometry 
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Table 4. Binding energies of water molecules, hydroxide anions and neutral hydroxide fragments to 
Ni-enriched and Fe-enriched Pn surface models.  Total energies and related values used to calculate 
binding energy are presented in the Supporting Information, SI11. 
Pn Surface 
enrichment 
Ligand 
Surface 
coverage 
Total binding 
energy of all ligands 
(kJmol-1) 
Average ligand binding 
energy 
(kJmol-1) 
Ni 
 1/3 -46.7 -46.3 
H2O 2/3 -116.2 -57.8 
 full -165.4 -54.8 
OH- 1/3 -529.0 - 
OH0 1/3 -342.2 - 
Fe 
H2O 
1/3 -68.5 -68.1 
2/3 -131.9 -65.7 
full -193.9 -64.3 
OH- 1/3 -570.1 - 
OH0 1/3 -423.6 - 
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